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Introduction
Liver fibrosis results from chronic liver injury commonly caused by cholestasis, toxins, alcohol abuse, viral infections or non-alcoholic steatohepatitis (NASH). Hepatic fibrosis can progress to cirrhosis, which is associated with a significant morbidity and mortality. Effective anti-fibrotic therapies are still lacking. Therefore, elucidating the molecular mechanisms initiating and driving liver fibrosis is crucial for the development of anti-fibrotic strategies that should prevent this fatal disease [1] [2] [3] .
Nucleotide oligomerization domain 2 (Nod2) belongs to the Nod-like receptor (NLR) family which consists of intracellular innate immune receptors for bacterial peptidoglycans. These immune receptors play a crucial role in the host response to bacterial infection [4, 5] . Muramyl dipeptide (MDP), the minimal motif of peptidoglycan from both Gram-positive and Gram-negative bacteria, was identified as the ligand of Nod2 [6] . MDP recognition by Nod2 activates transcription factor NF-B and induce pro-inflammatory cytokine production by interacting with the RIP-like interacting CLARP kinase (RICK/RIP2) [7] . MDP stimulation also activates Nod2 to process and release mature interleukin (IL)-1
in a caspase-1-dependent fashion [8, 9] . Genetic studies in humans have linked mutations in the Nod2 gene to higher susceptibility to Crohn's disease in a subset of patients [10] . Additionally, Nod2 plays an important role in intestinal microbial homeostasis [11] , intestinal immunity [12] and gut barrier function [13, 14] .
The role of Nod2 in liver fibrosis is not known. Using wild type and Nod2 deficient mice, the function of Nod2 in experimental cholestasis-or toxin-induced liver fibrosis was investigated.
Materials and Methods
Material and Methods are described in the Supplementary Data section.
Results
Nod2 deficiency protects mice from cholestasis-induced liver fibrosis. Wild type and Nod2 deficient mice were subjected to cholestatic liver injury induced by bile duct ligation. Following 3 weeks of bile duct ligation, liver injury as determined by ALT levels was dramatically lower in Nod2 deficient mice as compared with wild type mice (Fig. 1A ). Plasma alkaline phosphatase (ALP) was also lower in Nod2 -/-mice than wild type mice following bile duct ligation (Suppl. Fig. 1A ). Liver weight and plasma bilirubin levels were not significantly different between wild type and Nod2 -/-mice following bile duct ligation (Suppl. Fig. 1B and C). As a measurement of liver fibrosis, fibrillar collagen deposition was determined by Sirius red staining. Hepatic fibrosis was lower in Nod2 -/-mice as compared with wild type mice after bile duct ligation (Fig. 1B) . The lower level of Sirius red staining was confirmed by morphometric analysis (Fig. 1C ) and hydroxyproline measurement (Fig. 1D) . A similar reduction of collagen 1(I) mRNA expression was found in Nod2 -/-mice as compared with wild type mice (Fig. 1E ).
As Nod2 induces pro-inflammatory cytokines [9] , IL-1 and tumor necrosis factor (TNF)- gene expression were measured. Nod2 -/-mice showed a trend towards lower hepatic IL-1 and TNF mRNA expression following bile duct ligation for 3 weeks compared with wild type mice (Fig. 1F ). This trend, however, was not significant suggesting that attenuated fibrosis results from decreased liver damage rather than as a direct consequence of Nod2 deficiency on liver inflammation. Plasma IL-1 levels were below the detection limit of the ELISA in wild type or Nod2 -/-mice after sham operation or bile duct ligation for 3 weeks (data not shown), while plasma TNF was not significantly different between Nod2
-/-and wild type mice (Fig. 1G ). Since the amount of translocated bacterial products is dependent on the intestinal bacterial burden and since the progression of liver fibrosis is dependent on translocated 6 bacterial products [15] , bacterial overgrowth and translocation of microbial products from the gut lumen to the systemic circulation was investigated. There was no significant difference in bacterial overgrowth between wild type and Nod2 -/-mice after bile duct ligation (data not shown). Plasma LPS levels were also not significantly different between wild type and Nod2 -/-mice following bile duct ligation for 3 weeks (Fig. 1G ). Taken together, Nod2 deficient mice are protected from bile duct ligation-induced liver injury and fibrosis which is not explained by a stabilized intestinal mucosal barrier.
Nod2 deficient mice are not protected from toxin-induced liver injury and fibrosis. To determine whether Nod2 deficiency suppresses hepatic fibrosis induced by a different etiology, toxic liver injury was induced by repeated intraperitoneal injections of carbon tetrachloride (CCl 4 ). In contrast to cholestatic liver injury, carbon tetrachloride-induced liver injury was not different in Nod2 -/-mice compared with wild type mice as evidenced by plasma ALT levels (Suppl. Fig. 2A ). Similarly, hepatic collagen deposition (Suppl. Fig. 2B and C) and collagen 1 (I) mRNA expression (Suppl. Fig. 2D) showed no significant difference between wild type and Nod2 -/-mice following carbon tetrachloride injections. Wild type and Nod2 -/-mice subjected to carbon tetrachloride injections showed similar hepatic levels of the inflammatory cytokines IL-1 and TNF as compared with wild type mice (Suppl. Fig. 2D ).
These and the preceding results indicate that Nod2 deficiency protects from cholestatic, but not toxin-induced liver fibrosis in mice.
Bile acid-induced hepatocyte death is uninfluenced by Nod2. The mode of hepatocyte death is one of the major differences between the cholestatic and toxic model of chronic liver disease.
Following cholestasis, an accumulation of bile acids in hepatocytes contributes to cell death and is one of the major pathogenic factors resulting in chronic liver damage and fibrosis. In contrast, carbon tetrachloride is metabolized in hepatocytes to free radicals via the cytochrome p450 enzyme CYP2E1 7 causing immediate lipid peroxidation and hepatocyte death [16] . To explain the different hepatic phenotype between cholestatic and toxin-induced liver fibrosis in Nod2 deficient mice, we initially investigated whether Nod2 deficiency affects bile acid-induced hepatocyte death. Primary hepatocytes were isolated, treated with MDP control or MDP to stimulate Nod2, and hepatocyte death was induced with glycodeoxycholic acid (GDCA) [17] . Glycodeoxycholic acid induced significant death in cultured wild type and Nod2 -/-hepatocytes uninfluenced by the presence of MDP as assessed by propidium iodide (PI) staining (Suppl. Fig. 3A) . Quantification of glycodeoxycholic acid-induced cytotoxicity showed non-significant differences between wild type and Nod2 deficient hepatocytes, as evidenced by similar levels of ALT in the supernatant and cell death assessed by lactate dehydrogenase release (LDH) (Suppl. Fig. 3B and C). These results demonstrate that the hepatoprotection is not mediated via Nod2 in hepatocytes during cholestasis.
Hepatic bile acid concentration is lower in Nod2 deficient mice following bile duct ligation.
We then focused on bile acid levels and composition as a decreased bile acid pool or change in bile acid composition can modulate hepatoxicity and fibrosis under cholestatic conditions [18, 19] . As expected total liver bile acids were elevated after 3 weeks of bile duct ligation, but hepatic levels were significantly lower in Nod2 deficient mice as compared with wild type mice ( Fig. 2A) . Additional hydroxylation and sulfation, as well as upregulation of alternative bile acid transporters serve to decrease bile acid-induced injury in cholestatic hepatocytes [20, 21] . Taurine amidated muricholic acid (T-MCA) was the major bile acid accumulating in cholestatic liver. T-MCA was significantly lower in bile duct ligated Nod2 deficient compared with wild type mice (Suppl. Table 1 ). Total sulfated bile acids were higher in the liver of wild type as compared with Nod2 deficient mice following bile duct ligation for 3 weeks ( Fig. 2A) . Hepatic gene expression of sulfotransferase (SULT) 2A1, which mediates sulfation of bile acids [20] , was induced after bile duct ligation, but was not significantly different between the two groups (Fig. 2B) . Thus, 8 the major difference between the Nod2 -/-mice and the wild type mice after bile duct ligation was a considerably decreased concentration of bile acids in the liver, providing a possible explanation for the protection of Nod2 -/-mice from cholestasis-induced liver injury and disease.
The concentration of bile acids in the hepatocyte is determined by the balance between uptake mediated by basolateral (sinusoidal) transporters and efflux from the hepatocyte mediated by both canalicular and apical transporters in animals with an intact enterohepatic circulation. In the bile duct ligated animal, the only sources of bile acids are absorption of those bile acids present in the intestine at the time of duct ligation, and those generated by continuing bile acid synthesis. We therefore assessed expression of genes involved in hepatocyte bile acid transport and synthesis [22, 23] . 2D ). A similar trend was observed on the protein expression level for MRP4 (Fig. 2G) . The bidirectional transporter organic solute transporter alpha (OST; also called solute carrier family 51, beta subunit or Slc51b) β mRNA was similar in wild type and Nod2 deficient mice 3 weeks after bile duct ligation ( showed no significant difference between wild type and Nod2 -/-mice in cholestasis (Fig. 2E ). Hepatic MRP2 protein was similarly expressed among the two groups (Fig. 2G ).
The rate limiting enzyme in the major pathway of bile acid synthesis, gene CYP7A1 (mediating cholesterol 7α-hydroxylation) showed no significant difference between cholestatic groups (Fig. 2F ).
Cholestasis-induced suppression of hepatic CYP8B1 (mediating sterol 12-hydroxylation) and CYP27A1
(mediating the initial step in side chain oxidation of cholesterol) mRNA, resulted in these key enzymes for bile acid synthesis being significantly lower in Nod2 -/-as compared with wild type counterparts ( Fig.   2F ). Taken together, Nod2 deficient mice showed a marked decrease in total liver bile acid concentration, despite relatively small differences in the level of mRNA for bile acid synthesis enzymes and hepatocyte bile acid transporters. These changes in expression may be an adaptive and secondary response to a lower total amount of hepatic bile acids in cholestatic Nod2 -/-mice. Presumably, the animals are in steady state with newly synthesized bile acids passing into and out of the hepatocyte at the basolateral domains. In addition, there is likely to be continued secretion into the canaliculus followed by an equal amount of ductular reabsorption.
To further delineate the mechanism resulting in a decreased liver bile acid concentration in Nod2 deficient mice following bile duct ligation, bile acid profiles were measured in plasma, feces and urine.
Total plasma bile acids were remarkably elevated after bile duct ligation for 3 weeks, but no significant difference was observed between wild type and Nod2 -/-mice (Fig. 3A) . The composition of bile acids and hence the toxicity profile was similar in cholestatic wild type and Nod2 -/-mice (Suppl. Table 2 ). Total bile acids in feces were reduced to negligible values after bile duct ligation, but no difference in total amount or extent of sulfation or amidation was observed between wild type and Nod2 -/-mice during cholestasis ( Fig. 3B ; Suppl. Table 3 ).
FXR is a major regulator of liver injury in cholestasis, and selective intestinal activation of FXR protects the liver from cholestasis in mice [24] . Therefore, FXR and its target gene Fibroblast growth factor (FGF) 15 were determined in the terminal ileum. FXR and FGF15 mRNA expression was similar in wild type and Nod2 deficient mice following bile duct ligation for 3 weeks (Suppl. Fig. 4A and B).
Urinary elimination of bile acids is increased in Nod2 deficient mice following bile duct
ligation. Renal excretion is the major route for bile acid elimination during cholestasis [25] . Following bile duct ligation, urinary elimination should eventually become equal to bile acid synthesis. Total bile acids in urine were markedly increased by bile duct ligation (Fig. 3C) . A major finding was that urinary bile acid levels were significantly higher in Nod2 -/-as compared with wild type mice ( Fig. 3C ). There was no obvious difference in urine volume between wild type and Nod2 -/-mice following bile duct ligation (data not shown). In addition, the total amount of sulfated bile acids was increased in the urine of Nod2
-/-as compared with wild type mice after bile duct ligation ( Fig. 3C ; Suppl. Table 4 ). Renal gene expression of SULT2A1 was significantly higher in Nod2 -/-mice following bile duct ligation (Fig. 3D) . Thus, increased elimination of bile acids via the kidney with steady state plasma levels appears to offer an explanation for the lower bile acid concentration in the liver of Nod2 deficient mice.
To determine the underlying mechanism for increased renal elimination of bile acids in Nod2 -/-mice, gene expression of bile acid transporters in the kidney was examined. Two important renal apical bile acid efflux transporters are MRP2 (mediating sulfated and some unsulfated bile acid transport) [23] and MRP4 (mediating co-transport of bile acids and glutathione). MRP2 mRNA was suppressed in wild type mice, but induced in Nod2 -/-mice after bile duct ligation. The level of MRP2 was significantly higher in Nod2 deficient as compared with wild type mice after 3 weeks of bile duct ligation (Fig. 3E ). This was confirmed on the protein level (Fig. 3F) . Bile duct ligated Nod2 deficient mice had significantly higher MRP4 gene expression in the kidney compared with wild type mice (Fig. 3G) . In contrast, the apical bile acid uptake transporter sodium-dependent bile salt transporter (ASBT; also called Slc10a2) was detected at a similar level in the two cholestatic groups (Fig. 3G ). No differences in the expression of the basolateral efflux transporter MRP3 (mediating bile acid glucuronide transport) and the basolateral bi-directional bile acid transporters OST and OSTwere detected in wild type and Nod2 -/-mice following bile duct ligation (Fig. 3H) . FXR gene expression in the kidney was similar in wild type and Nod2 deficient mice following bile duct ligation for 3 weeks (Suppl. Fig. 4C ). These results suggest that a higher expression of the bile acid secreting transporters MRP2 and MRP4 accounts for the increased excretion of bile acids into urine of Nod2 deficient mice. Increased renal sulfation of bile acids might additionally contribute to the process of higher urinary elimination of sulfated bile acids. expression was not affected by IL-1 (Fig. 4E) . To further substantiate our data, IL-1 was administered to wild type mice and renal transporters were assessed. IL-1 inhibited gene expression of MRP2 and MRP4, but not of MRP3 (Fig. 4F) . Opposite effects were observed in the liver (Suppl. Fig. 5A ).
Nod2-dependent IL-
Consistent with in vivo data, IL-1 induced MRP2 and MRP4 expression in primary mouse hepatocytes (Suppl. Fig 5B) . Furthermore, the effect of MDP on bile acid transporters in the kidney was determined in wild type and Nod2 deficient mice. Following administration of MDP, mRNA levels of MRP2 and MRP4
but not MRP3 were inhibited in wild type mice, while no inhibitory effect was observed in Nod2 deficient mice (Fig. 4G) . Blocking IL-1 signaling with the IL-1 receptor antagonist Anakinra abolished MDP-mediated inhibition of MRP2 and MRP4 (Fig. 4G) . Blocking IL-1 signaling with Anakinra in bile duct ligated wild type mice significantly reduced collagen 1(I) expression in the liver (Fig. 4H , left panel).
Total hepatic bile acids were reduced by approximately 39% after Anakinra treatment (Fig. 4H, right panel), which is similar to a 42% reduction in Nod2 -/-mice as compared with wild type mice after bile duct ligation ( Fig. 2A) . Anakinra increased total (Fig. 4I, left panel) , but not sulfated urinary bile acid levels (Suppl. Fig. 6A ). A significant induction of renal MRP2 and MRP4 gene expression was observed in bile duct ligated mice following Anakinra treatment (Fig. 4I, right panel) , while SULT2A1 expression in the kidney was not significantly altered (Suppl. Fig. 6B ). These results suggest that Nod2 dependent IL-1 expression inhibits bile acid efflux transporters in the kidney.
Discussion
The cytotoxic effects of retained bile acids in cholestasis can be limited by decreasing bile acid synthesis, by decreasing bile acid uptake or increasing bile acid efflux at either pole of the hepatocyte, or by hydroxylation and sulfation of the retained bile acids to decrease their intrinsic hepatotoxicity. And indeed, an increase in renal elimination of bile acids ameliorates cholestatic liver injury and fibrosis [18, 19] . In the OST -/-mouse, hepatic toxicity and fibrosis following bile duct ligation is decreased by an increase in urinary bile acid excretion, which is mediated by a reduction in the renal apical bile acid uptake transporter ASBT and an increase in the apical efflux transporters MRP2 and MRP4 [18] .
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In this study, we investigated the role of Nod2 in experimental models of liver fibrosis. Nod2 deficiency protected from cholestatic, but not from liver toxin-induced fibrosis. This finding could not be explained by a cell protective effect on hepatocytes or a reduction in liver inflammation. We found that 14 Hepatic and intestinal MRP2 expression was down-regulated in obstructive cholestasis of rats which was associated with IL-1 upregulation [29, 30] . These studies only revealed an association but not a causative relation between IL-1 and MRP2 expression. IL-1 treatment decreased MRP2 expression in rat and human hepatocytes [31] . In contrast with these studies, MRP2 expression increased following IL-1 injection in wild type mice or following IL-1 treatment of primary mouse hepatocytes. Thus, species differences might account for these obvious different results. Bile duct ligation did not increase hepatic MRP2 expression in our study suggesting that other factors than IL-1 contribute to gene regulation during cholestasis. On the other hand, hepatic MRP4 expression increased after IL-1 injection and following bile duct ligation in wild type mice. Similarly, IL-1 induced MRP4 in primary mouse hepatocytes.
MRP2 and 4 expression in the kidney in response to IL-1 has not been investigated. In this study, renal MRP2 and MRP4 expression were higher in bile duct ligated Nod2 deficient mice, which, in turn, was associated with decreased IL-1levels in the kidney. Using in vivo experiments, Nod2 stimulation induced IL-1, which in turn reduced the expression of MRP2 and MRP4 in an autocrine fashion. In health, the renal tubule absorbs filtered bile acids, whereas in cholestasis, the polarity of the proximal renal tubular cell is completely reversed, with the renal tubules secreting rather than absorbing bile acids.
The renal apical transporter MRP2 mediates the efflux of sulfated bile acids [23] . And indeed, the total amount of sulfated bile acids was higher in the urine of Nod2 deficient mice as compared with wild type mice following 3 weeks of bile duct ligation. Although sulfated bile acids were detected in our study as opposed to others using one week of bile duct ligation [21] , sulfation might be a time-dependent slow adaptation to cholestasis in the mouse. Thus, we propose a concept in which Nod2-dependent IL-1 production suppresses the bile acid efflux transporters MRP2 and MRP4 in tubular epithelial cells during cholestasis. More bile acids are excreted via the urine during cholestasis, which eventually limits cholestatic liver disease. However, at baseline other mediators than IL-1 might be important for the regulation of renal MRP2 and MRP4, because their expression in sham operated Nod2 deficient mice was not different compared with sham operated wild type mice despite lower renal levels of IL-1.
Our study demonstrates that deficiency of Nod2 protects from cholestatic liver injury and fibrosis.
Our findings imply that Nod2-mediated inflammation plays an important role in the regulation of bile acid The value of bile acids which were not mentioned in this table was below the determination limit. MCA, muricholic acid; CA, cholic acid; UDCA, ursodeoxycholic acid; DCA, deoxycholic acid; CDCA, chenodeoxycholic acid; HCA, hyocholic acid; LCA; lithocholic acid undiluted or 20-fold diluted was spiked with 10 μl IS and 2 ml of ice-cold alkaline (5% NH 4 OH) acetonitrile was added. Samples were vortexed continuously for 30 min and centrifuged at 16,000 × g for 10 min. The supernatant was aspirated and the pellet was extracted with another 1 ml of ice-cold alkaline acetonitrile. Supernatants from the two extraction steps were pooled, evaporated, reconstituted in a 100 μl of 50% methanol, and analyzed by LC-MS/MS. Total urinary bile acids were measured in bile duct ligated mice after treatment with Anakinra (Fig. 4H ) using a kit from Crystal Chem. Inc..
Plasma assaysLPS was measured as described [2] . Results are expressed relative to wild type control mice. TNF and IL-1 in mouse plasma were measured using ELISA (eBioscience). Plasma ALT was measured using a kit from Infinity. Total plasma bilirubin was measured using a kit from Bioassay Systems.
Statistical Analysis. All results are reported as mean ± SD. Comparison between two groups was performed by Mann-Whitney test. A p-value < 0.05 was considered statistically significant. 
